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INTRODUCTION
Recent discoveries have revealed a previously unknown world of gene regulation mediated by non-coding RNAs. Two non-coding RNAs, roX1 and roX2, play a key role in dosage compensation in Drosophila, 1 in which the level of X-chromosome transcription in males (XY) is made equal to that in females (XX). 2 roX RNAs are components of the MSL (Male Specific Lethal) complex that binds to hundreds of sites along the length of the male X chromosome, 3, 4 increasing its gene expression at least in part through site-specific histone H4Lys16 acetylation. 5, 6, 7 MSL complex contains at least five proteins, including MSL1, MSL2, MSL3, the MOF histone acetyltransferase and the MLE helicase. 8, 9 The roX RNAs are required for X targeting of MSL complexes. 10 They can accomplish this in trans, when encoded on transgenes inserted on autosomes. 3, 4 In addition, by virtue of their normal sites of synthesis on the X chromosome, they may also assemble complexes locally to spread in cis. 3, 4, 11, 12 roX1 RNA (3700 nt) and roX2 RNA (500 nt) are functionally redundant despite their differences in size and primary sequence. 10, 13 roX1 and roX2 double mutant males die with a disrupted MSL-binding pattern on the X chromosome. 10, 13 How roX RNAs function is still mysterious. Comparisons have been made with Xist RNA, which is a key player in mammalian X inactivation. Xist RNA originates from the X inactivation center and functions only in cis to set up a repressive chromatin environment on one of the two X chromosomes in female mammals. 14 While there are clear differences between roX RNAs and Xist including the fact that they are associated with opposing types of chromatin, (hyperactive vs. repressed), it has been tempting to speculate that in both cases the sites of synthesis of these non-coding RNAs serve as points of assembly for chromatin modifying activities. 15 The phenomenon of spreading in cis is well established for Xist RNA, but is less clear in Drosophila where roX RNAs can funcion both in cis and in trans.
Although the roX RNAs are functionally redundant, they display very little primary sequence similarity. A small 25/30 nt identity 13 found from initial sequence comparisons between roX genes is not necessary for roX RNA function. 16 Additional homology discovered as male-specific DNaseI hypersensitive and MSL binding sites in both roX genes 16, 17 function to upregulate roX gene expression 18 but are non-essential sequences in roX RNA when expressed from a heterologous promoter. 16, 17 Understanding the function of roX genes will require a detailed knowledge of the primary and higher order structures of roX transcripts. Here we performed an extensive analysis of roX2 RNAs immunoprecipitated with MSL complexes. We found at least 21 alternative splice forms of roX2 RNA in which a major species contains only two exons (exon 1 and exon 3), but minor forms utilize variable combinations of 5' and 3' splice sites to incorporate one or two alternative forms of exon 2. We tested whether this alternative splicing of roX2 RNA, which is evolutionarily conserved in several Drosophila species, plays a role in roX RNA function. Mutant roX2 genes expressing only one form of roX2 RNA can rescue roX mutant males but exhibit developmental delay and poor X chromosome localization, suggesting that alternative splicing of roX2 RNAs plays an important role in assembly or function of MSL complexes.
MATERIALS AND METHODS
Fly genotypes and transgene construction. The D. melanogaster full genotypes used in this study were: wild type = y w and roX1 -roX2 -= y w roX1 ex6 Df(1)roX2 52 P{w + 4∆4.3}. 11 The P{w + 4∆4.3} element is needed to supply essential genes lost in Df(1)roX2 52 . 10 Wild type D. simulans, D. erecta, and D. willistoni were acquired from the University of Arizona, Tucson stock center.
To construct M-and m-GMroX2 transgenes (Figs. 3C and 4A), cDNAs representing major and minor roX2 splice forms (containing, respectively, no variable region or 68 bp comprising alternative exons 2E and 2J) were cloned into the pCRII-TOPO vector (Invitrogen) and, after sequencing, were subcloned into a SspI/SpeI digested wild type W-GMroX2. 4 For the construction of a wild type W-H83roX2 transgene (Fig. 5A ), primer 1 (5'-AGATGTTGCGGCATTCGCGG-3') and 7 (5'-CGAATAGCA-GATAAGTCTTTATTT-3'), located in W-GMroX2, were used for PCR. This 1380 bp fragment of roX2 was cloned in the pCRII-TOPO vector (pYP47) and, after sequencing, was subcloned into XhoI/NotI digested pCaSpeR Hsp83-act (containing an act5C gene fragment to provide a 3' poly-A site). For M-and m-H83roX2 constructs (Figs. 3C and 5A ), cDNAs representing major and minor roX2 splice forms (containing, respectively, no variable region or 239 bp comprising alternative exons 1B, 2E, and 2I) were cloned into the pCRII-TOPO vector and, after sequencing, were subcloned into XhoI/NotI digested pCaSpeR Hsp83-act. To construct point mutants (CT-and AC-H83roX2) in W-H83roX2 (Fig. 5A ), pYP47 (5280 bp) containing the roX2 gene (1380 bp) was amplified using inverse PCR with mutant primers containing the CT and AC changes. After self-ligation, the roX2 mutations were confirmed by sequencing. The mutant roX2 gene fragments (1380 bp) were subcloned into XhoI/NotI digested pCaSpeR Hsp83-act.
Immunoprecipitation and RT-PCR. For immunoprecipitation of MSL complexes (Fig. 1B) , crude lysates were prepared from 0~24 hrs embryos and SL2 cells in extraction buffer. 19 1 mg of lysates was incubated with 3 µl anti-MLE antiserum against MLE protein (IP) or pre-immune serum (Pre) as previously described. 4 After IP, RNAs were isolated and oligo dT-primed cDNAs were produced. To find alternatively spliced forms of D. melanogaster roX2 RNA (Fig. 1C) , several combinations of exon 1 and exon 2 region or exon 2 and exon 3 region primers were used in PCR. After cloning the RT-PCR products, random clones were selected for sequencing.
To check alternatively spliced forms of D. melanogaster roX2 RNA, oligo dT-primed cDNAs were made from 100 µg of crude lysates from 0 ~ 24 hrs embryos (Fig. 1B) , and 5 µg male total RNA (Figs. 3A, 4B and 5B). Primers 1, 2 (5'-TAGAGGTATTAGTTTGGTTGCTA-3'), 3 (5'-TTGGCATTTT-GCTCTTGTTTTTCTC-3'), 4 (5'-ACTGGTTAAGGCGCGTAAAAC-3'), 5 (5'-ATTGCGACTTGTACAATGTTGCGTTC-3'), and 6 (5'-AAGTT-CGGGGTGTTTAGAATCC-3') were used in PCR. In the case of D. erecta and D. willistoni (Fig. 3A) , oligo dT-primed cDNAs were made from 5 µg male total RNA, and primer e1 (5'-GGTCACACTGAGCTAGGGCT3'), e2 (5'-GACGTTTTAGTTTGGTTGCTG-3'), e3 (5'-GCATTTTCCC-CTTGATTTTC-3'), w1 (5'-ATTATTTCACCGCGTTGGCA-3'), w2 (5'-CTGCCAAAAATTAATCCACTTT-3'), w3 (5'-CCTTCGAATCAAA-AGGAACAGT-3'), and w4 (5'-GCAACATTTCACATGCCTTT-3') were used for PCR.
Northern analysis. Total RNA from adult flies was prepared using the TRIzol Reagent (GibcoBRL) and 20 µg of total RNA was used in each lane. For Northern experiments in Figures 1A, 4D and 5C, high stringency hybridization was used 20 and probes were prepared by random priming PCR products from each region (exon 1, exon 2 region, and exon 3). In the To see the diffuse pattern of roX2 RNA in detail, the membranes were exposed for 8 days (roX2 probes) or 18 hrs (in the case of rp49, as a loading control). RNA sizes were estimated from an RNA ladder (Invitrogen). M, male; F, female. (B) Upper-gene structure of roX2 showing primer locations. Thick line: the major transcript; dotted line: 3' minor transcript; black box in DHS: 110 bp segment containing conserved sequences for MSL binding. 17 Middle-RT-PCR showing several spliced forms of roX2 RNA from crude lysates of 0~24 hr embryos. Lane 1, PCR using roX2 genomic fragment as a template; Lanes 2-7, RT-PCR products using primers indicated in upper figure. Lower-RT-PCR showing several roX2 minor splice forms in the MSL complex. Anti-MLE antiserum was used for immunoprecipitation (IP) of MSL complexes from crude lysates of 0~24 hr embryos and preimmune serum (Pre) was used as a negative control. Lanes 8-13, RT-PCR products using primers indicated in upper figure (no RT control data not shown). (C) Several splice forms of roX2 RNA isolated from MSL complexes. Fifteen of twenty-one forms found are shown. Exon 1 and exon 3 are common in all roX2 species, with an intervening variable region containing multiple exon 2 alternatives. The detailed combinations of exon 2 variants are shown in Figure 3C .
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case of the Northern in Figure 2C , low stringency hybridization solution (30% formamide, 1M NaCl, 100mM NaPO 4 pH 7.0, 7% SDS, 10X Denhardts, 100 µg/ml ssDNA-fish) was used. 17 After overnight hybridization at 42˚C, the membrane was washed 2 times in a solution of 2X SSC, 0.1% SDS at 42˚C. Transformation and immunostaining of polytene chromosomes. Transgenic flies were made by P-element-mediated transformation. 21 Preparation of polytene chromosomes and immunostaining using anti-MSL1 antibody were performed as previously described. 3 Analysis of MSL cis-spreading, rescue and adult eclosion. To measure the frequency of cis-spreading of MSL complexes (Fig. 6C) , y w/Y; [roX2 transgene] males were crossed to y w roX1 ex6 Df(1)roX2 52 P{w+ 4∆4.3} females. From more than 100 polytene chromosomes of salivary glands in y w roX1 ex6 Df(1)roX2 52 P{w+ 4∆4.3}/Y; [roX2 transgene]/+ male larvae, MSL cis-spreading frequencies from the autosomal transgene were calculated and the averages were presented from at least 3 different transgenic locations. To check the rescue frequencies of roX2 transgenes, the male/female ratios of progeny acquired from the cross described above were calculated from adult flies collected during 10 days after the first day of adult eclosion. The averages were presented from at least three different transgenic locations except m-GMroX2 (2 lines) in Figures 4C and 6A. To measure the rates of eclosion ( Fig. 6B) , we calculated the number of adults that eclosed on the second day, divided by the total population of adults, because adults emerging after the 3 rd day show a characteristic mixture of delayed and normal adult eclosion. Females showed a similar rate of eclosion for all roX2 transgenes. The averages were presented from at least three different transgenic locations.
RESULTS

MSL complex incorporates a variety of roX2 splice variants.
Two alternative splice forms of roX1 RNA and at least 4 splice variants of roX2 RNA have been reported previously (see Refs. 4,22,23, Flybase). We isolated roX2 cDNAs from a 3 rd instar larval cDNA library and found several new species of roX2 (data not shown), suggesting that roX2 RNA has a complex pattern of splicing in spite of its lack of protein coding information. Therefore we investigated the splicing patterns of roX2 RNA in detail by RT-PCR. The roX2 gene is composed of two major exons, which we previously designated exons 1 and 2. 17 However, here we document that the "intron" between exons 1 and 2 encompasses at least thirteen alternative overlapping exons ( Fig. 1 and see below) . Therefore, for future clarity when considering roX2 gene structure, we have renamed the former intron as exon 2 and the former exon 2 as exon 3 ( Fig. 1) . The alternative exons are hereafter referred to as alternative forms of exon 2 (exon 2A, 2B, etc.) (Supplemental Fig. S1 and see below).
The precise 5' end of exon 1 has not been mapped, but the longest RT-PCR product suggests an upper size limit of ~110 bp. 17 The region containing the alternative forms of exon 2 is 545 bp, and exon 3 is 430 bp, followed by two minor 3' ends. 17 Downstream of the major 3' processing sites is the male-specific DHS (DNase I Hypersensitive Site, 270 bp) that can be transcribed as a non-essential 3' extension of exon 3 ( Fig. 1B and  ref. 17 ). When roX2 RNA was analyzed by Northern analysis using radioactive probes from the exon 2 and 3 regions (Fig. 1A) , the major transcript appeared at ~500 nt (exon 1 + exon 3) and two minor transcripts were located at ~1100 nt (unspliced) and ~1400 nt (unspliced + DHS). Rather than the major band at ~500 nt, roX2 RNA appeared as a diffuse signal >500 nt when the exon 2 region probe was used (Fig. 1A) , suggesting the presence of several minor forms of roX2 RNA containing alternative forms of exon 2. By comparing the relative hybridization intensities of the exon 3 probe to the major form of roX2 RNA (~500 nt) and to the smear of slightly larger alternative forms (>500 nt), we found that ~5-15% is a rough estimate of the fraction of total roX2 transcripts containing alternative exons.
We pursued the identification of roX2 splice forms in 0~24 hr embryos and Drosophila SL2 tissue culture cells, which display a male identity and localize the MSL complex to the X chromosome. Several minor forms of roX2 RNA were easily detected when exon 2 region primers were used in RT-PCR analyses (Fig. 1B) . Total RNAs were purified from crude lysates of 0~24 hr embryos. When exon 1 (#1) and exon 3 (#4) primers were used in RT-PCR, the major roX2 product contained only exon 1 and exon 3 (lane 2). However, when exon 2 region primers (#2 and #3) and an exon 3 primer (#4) were used, several different products containing alternative forms of exon 2 appeared (lanes 4 and 6), indicating that alternative splicing of roX2 occurred. To determine whether these alternative roX2 RNA transcripts are components of the MSL complex, we checked MLE immunoprecipitates for specific forms of roX2 RNA (Fig. 1B) . The presence of the other MSL proteins was confirmed by Western analysis after the IP (data not shown). The major species of roX2 containing only exon 1 and exon 3 was strongly detected (lane 8), and, interestingly, several different forms of roX2 containing exon 2 variants were also detected (lane 10 and 12), suggesting that the MSL complex incorporates the minor, alternative forms of roX2 RNA. Whether each MSL complex contains one form of roX2 RNA or several forms together is not known.
To extend this analysis, we performed MLE immunoprecipitations from crude lysates of 0~24 hr embryos and SL2 cells, followed by RT-PCR using a combination of multiple primers from the exon 2 region. After cloning the RT-PCR products, random clones were selected for sequencing. Using this method, we found 21 different forms of roX2 RNA, revealing that the exon 2 region generates a surprising variety of alternative splice forms (Figs. 1C and 3C ). All of the alternative exons are flanked by consensus splicing signals (GT and AG in Fig. 3B ). Detailed sequences are shown in Supplemental Figure S1 .
The alternative splicing pattern of roX2 RNA is evolutionarily conserved. If alternative splicing is important for roX2 RNA function, the splicing pattern should be evolutionarily conserved. To check whether roX2 RNAs of other Drosophila species also have this complex splicing pattern, we first compared the exon 2 region sequences of roX2 between D. melanogaster and other species (D. simulans and D. erecta) ( Fig. 2A and ref. 17 ). D. erecta shows 82% homology in the exon 2 region (Fig. 2B) , with splice donor (GT) and acceptor (AG) sites found in similar positions (Fig. 3B ). In addition, Fig. 3A) , suggesting that the alternative splicing pattern of roX2 is evolutionarily conserved over the 10 million years during which D. melanogaster and D. erecta have been separated. To test if alternative splicing of roX2 is conserved in even more distant species, we screened additional Drosophila species by a low stringency PCR method. 17 We found the roX2 gene of D. willistoni, which separated from D. melanogaster 36 million years ago (Fig. 2A) . In spite of the greater evolutionary separation of roX2 RNA between these two species, D. willistoni roX2 shows a similar RNA size to D. melanogaster roX2, male-specific expression, and a diffuse signal in Northern analysis (Fig. 2C) (Figs. 2B and 2C) , we confirmed that the D. willistoni roX2 gene also produces roX2 RNAs with combinations of alternative exons from within the exon 2 region (lane 16 and 18 in Fig.  3A) . Sequencing of a few of the splice forms of D. willistoni roX2 revealed several of the splicing donor (GT) and acceptor (AG) sites utilized (Fig. 3B) .
Individual roX2 splice forms fail to accumulate to sufficient levels when expressed from the native roX2 promoter. To test whether splicing or the resultant splice forms of roX2 are important to roX2 function, we made transgenic flies with constructs that express only one species utilizing a genomic roX2 gene (GMroX2) that normally expresses functional roX2 RNA and rescues roX mutant males. 4, 11 Henceforth, these constructs will be referred to as construct name-GMroX2, i.e., W-GMroX2 as the wild type construct (Fig. 4A) , which contains the whole roX2 gene including the exon Figure S1 . 1-2E-2J-3 and 1B-2E-2I-3 isoforms were used for construction of m-GMroX2 (Fig. 4A ) and m-H83roX2 (Fig. 5A), respectively. A B C 2 region. However, in M-GMroX2, the entire exon 2 region of roX2 was deleted, which therefore expresses only the major form of roX2. In contrast, m-GMroX2 retains alternative exons 2E and 2J (total 68 bp) in Figure 3C . To confirm that these constructs produce only one roX2 species, primer #1 (exon 1) and #5 (exon 3) were used in RT-PCR (Figs. 4A and B) . M-GMroX2 produced the same size product as the wild type construct (W-GMroX2), which contains only exon 1 and exon 3 (lane 2 and 3 in Fig. 4B ). In contrast, m-GMroX2 produced a higher-size product containing a 68 bp addition, encompassing the alternative exons (lane 4 in Fig. 4B ). When primer #6 (within exon 2E in Fig. 3C ) and #5 were used, M-GMroX2 didn't produce any product and m-GMroX2 produced only one form of roX2 containing the 68 bp alternative exons, compared to W-GMroX2, which produced several forms of roX2 (lanes 5-7). When primer #2 (alternative exon 1B in Fig. 3C ) and #5 were used, only W-GMroX2 produced several forms of roX2 (lanes 8-10), indicating that M-and m-GMroX2 each produce only one species of roX2 with these primers. To test whether these constructs exhibit normal roX2 function, we crossed them into a roX double mutant and asked for mutant male rescue. In contrast to W-GMroX2, which showed a high rescue frequency (67%), M-and m-GMroX2 each showed low rescue (14% and 19% respectively, Fig. 4C ).
To test the possibility that the mixture of a major and a minor form of roX2 can increase the rescue frequency, we produced flies containing both the M-and m-GMroX2 constructs. However, these flies showed no improvement in rescue frequency (data not shown), suggesting that either several splicing events or several splice forms of roX2 should be synthesized from the same roX2 gene, or that the two forms of roX2 that we tested were not enough to mimic the wild type roX2 gene (W-GMroX2).
To investigate the basis for poor transgenic rescue of roX mutant males by M-and m-GMroX2, we analyzed the steady-state roX2 RNA levels in the transgenic flies by Northern analysis. We found that the transgenics displayed low RNA amounts compared to W-GMroX2 (Fig. 4D ). This suggests three possibilities: (1) individual forms of roX2 RNA are unstable without other species, (2) transcription levels of M-and m-GMroX2 are diminished by deletions of important DNA elements in the exon 2 region, or (3) RNA processing may be necessary for accumulation of normal levels. Low levels of roX RNA were consistent with results from polytene chromosome immunostaining, assaying X localization of MSL complexes (Fig. 4E) . Whereas W-GMroX2 shows good MSL complex binding on the X chromosome and extensive cis-spreading from the autosomal transgene (Fig. 4E and  ref. 11) , M-and m-GMroX2 showed poor MSL complex binding on the X chromosome, weak cis-spreading from the autosomal transgene, and strong heterochromatin staining, as is seen in non-transgenic roX -males (Fig. 4E  and ref. 10) .
Individual roX2 splice forms can rescue roX mutant males when expressed from a heterologous promoter, but still exhibit poor X chromosome localization. To determine whether insufficient roX2 RNA levels in M-and m-GMroX2 transgenics could be overcome by expression from a heterologous promoter, we expressed individual roX2 species using the constitutively expressed heat-shock promoter 83 (H83) instead of the native roX2 promoter. Henceforth, constructs containing this promoter will be referred to as construct name-H83roX2, i.e., W-H83roX2 (Fig. 5A) . The wild type construct (W-H83roX2) contains a whole roX2 gene and M-H83roX2 skips only the exon 2 region from W-H83roX2 in order to express only the major roX2 splice form (exon 1 and exon 3). To test the effect of another alternative roX2 splice form, we made a different minor construct, m-H83roX2 (Figs. 3C and 5A), this time containing exons 1B, 2E, and 2I (239 bp). Also, to further test the importance of splicing to roX2 function, the splice donor site GT and acceptor site AG of the major form were mutated to CT and AC respectively (CT-and AC-H83roX2) (Fig. 5A) .
Transgenic males carrying M-, m-, CT-or AC-H83roX2 as their only source of roX RNA were recovered in robust numbers (Fig. 6A) , suggesting that the full repertoire of roX2 splicing is not essential for dosage compensation. Figure 5C . The membrane was exposed for four days for the roX2 probe. (E) Polytene chromosome squashes from transgenic larvae (W-, M-, and m-GMroX2) immunostained with rabbit anti-MSL1 (red) and counterstained with DAPI (blue). Arrow, the location of the autosomal transgene; H, heterochromatic chromocenter; X, X chromosome.
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However, the M-and m-H83roX2 transgenics showed male-specific delayed adult eclosion (Fig. 6B) , demonstrating that these constructs are not fully functional. To verify the products of these transgenes, we performed RT-PCR and Northern analysis (Figs. 5B and C). When primer #1 (exon 1) and #5 (exon 3) were used in RT-PCR to check the major form of roX2, W-and M-H83roX2 produced products containing only exon 1 and exon 3 (lanes 2 and 4 in Fig. 5B ) as expected. In m-H83roX2, a larger product containing exons 1B, 2E, and 2I (239 bp) was expected, but instead a smaller product containing only exon 2J (17 bp) was detected (lane 6). This result suggests that the 239 bp exons 1B, 2E and 2I could be subject to additional splicing, leaving only sequences corresponding to exon 2J in the final product. CT-and AC-H83roX2 transgenics produced a large number of products (lane 8 and 10). When assayed by Northern analysis, a large variety of products was also evident (lane 8 and 9 in Fig.  5C ), suggesting that if simple splicing of exon 1 to exon 3 is blocked, numerous alternative events incorporating various alternative exon 2 forms can occur. To check for minor forms of roX2 encoded by the various H83roX2 constructs, we used exon 2 primers (#2, #3 and #6 in Fig. 5A ) and an exon 3 primer (#5) in RT-PCR (Fig. 5B) . W-, CT-, and AC-H83roX2 transgenics each produced several forms of roX2 (lanes 13-15 and 22-27 in Fig. 5B ). In contrast, the M-H83roX2 designed to produce only the major form didn't produce alternative products (lanes [16] [17] [18] . The expected unspliced product (exon 1B, 2E, 2I and exon 3) was produced in m-H83roX2 transgenics (lanes [19] [20] [21] . Therefore, this transgene gives rise to at least two products differing in the alternative sequences inserted between exon 1 and exon 3 (either 17 nt or 239 nt).
Next we checked steady-state RNA amounts produced by each H83roX2 construct by Northern analysis (Fig. 5C ). We found that the H83 promoter increased RNA levels from each construct. For example, (lanes 3 and 4 in Fig. 5C ) show that the H83 promoter overexpresses roX2 RNA in comparison to the endogenous roX2 promoter. Each of the constructs produced an RNA species of the expected size based on the gene structure and the RT-PCR results. As expected from the RT-PCR results (lanes 8 and 10 in Fig. 5B ), the CT-and AC-H83roX2 constructs produced a variety of sizes of roX2 RNA when the major splice sites were abolished (lanes 8 and 9 in Fig. 5C ).
Unexpectedly, in addition to the predicted products, we detected a larger RNA species (ca. 500 nt) from each of the H83 driven constructs. To determine the origin of these additional sequences, we performed Northern blots with probes against exon 1, the exon 2 region, and the DHS regions of roX2 (Fig. 5C ). While the exon 2 and DHS probes did not hybridize to the upper band (data not shown), the exon 1 probe only hybridized to the upper band of the W-H83roX2 RNA (lanes 1 and 2) , and not to the lower band produced by either W-GMroX2 or W-H83roX2. We conclude that the majority of exon 1 sequences are not included in the wild type roX2 product. We previously mapped the 5' end of exon 1 by identifying the longest RT-PCR product that could be detected, 17 but these results suggest that the longest product does not represent the mature 5' end or that the roX2 gene uses two alternative transcription start sites in which the upstream one is minor. However, in each of our clones, when the H83 promoter is attached upstream, the extra 5' sequences are transcribed and included in the mature transcript. The predominance of transcripts with this extra 5' sequence does not appear to interfere with any aspect of the wild type W-H83roX2 function.
Since males were viable but eclosed late when dependent on M-or m-H83roX2 as their sole source of roX RNA, we analyzed MSL complex binding on the X chromosome in these mutants (Fig. 6D) . W-H83roX2 showed good MSL binding on the X chromosome, as expected. X chromosome binding in the CT-and AC-H83roX2 transgenics also was robust. On the other hand, M-and m-H83roX2 still showed weak MSL binding on the X (Fig. 6D) or an isolated MSL binding site (DHS, Fig. 6E ), even though the ultimate viability of the males was good (Fig. 6A) . Steady-state RNA amounts of M-and m-H83roX2 were higher than for W-GMroX2 (Fig. 5C) , suggesting that the problem for M-and m-H83roX2 constructs is not an insufficient amount of roX2 RNA production. These data suggest that functional splicing or production of multiple roX2 splice variants is required for normal MSL assembly and function on the X chromosome.
Coincident with the inability to paint the X chromosome robustly, the M-and m-H83roX2 transgenics displayed abnormal accumulation of MSL complexes at the autosomal site of synthesis of these roX2 RNA forms. Normally, roX RNAs expressed from the H83 promoter show very little spreading in cis, perhaps related to their high level of expression allowing rapid release from their sites of synthesis. 11 In contrast, the M-and m-H83roX2 transgenics display robust and extensive spreading (Figs. 6C,  6D , and 6E), suggesting that perturbation of normal splicing events at the roX2 gene causes a local effect on MSL complex assembly or function.
DISCUSSION
We found that the roX2 gene produces at least 21 splice variants, which we identified in immunoprecipitates of MSL complexes (Figs. 1B, C and 3C ). The major form of roX2 RNA contains only exon 1 and exon 3, while alternative splicing retains segments of the Figure 5A were used to check the major roX2 splice form in the upper portion of the figure (primers 1 and 5) and minor splice forms were detected in the lower portion (primers 2, 3, 6 and 5). (C) Northern analysis of roX2 RNA from total RNA of adult flies (W-, M-, m-, CT-and AC-H83roX2). Probes for exon 1 (110bp) and exon 3 (430 bp) were used in lanes 1 and 2 (left) and in lanes 3-9 (right), respectively. Both probes had different sizes but approximately the same specific activity. To compare RNA amounts and sizes between GMroX2 and H83roX2, the membranes were exposed for 14 hrs for the roX2 probes. Lanes 1 and 3: W-GMroX2 (85B); lanes 2, 4 and 6-9: H83roX2 based transgenics; lane 5: female total RNA from a W-H83roX2 transgenic line.
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545 bp exon 2 region through variable usage of multiple 5' and 3' splice sites (Figs. 1C, 3B and 3C ). Variants containing alternative exons appear as minor products in the MSL complex (Fig. 1B) , suggesting the possibility that alternative splicing is not necessary for roX2 RNA function. However, this alternative splicing is highly conserved through evolution (Figs. 2 and 3 ) and transgenic constructs which produce only the major form without alternative splicing showed aberrant MSL assembly on the X chromosome (Figs. 4E and  6D ). This suggests that minor forms of roX2 or alternative splicing events themselves are necessary for correct function of roX2 RNA. When expressed from the native roX2 promoter, chimeric genomic/cDNA transgenes expressing specific alternative splice forms produced much less steady-state roX2 RNA than a wild type genomic transgene (Fig. 4D) . Currently, we do not know whether this may be caused by a transcriptional defect due to deletion of critical DNA elements, or to instability of transcripts produced without either the entire repertoire of splice forms or the appropriate splicing events. However, overexpression of individual roX2 transcripts using the constitutive Hsp83 promoter revealed that steady-state levels of individual forms could be increased, and this correlated with increased transgenic rescue of roX mutant male lethality (Figs. 5C and 6A). But despite increased amounts of the individual roX2 splice forms, assembly of MSL complexes on the polytene X chromosome remained abnormal in each case tested (Figs. 6D and E) .
roX1 RNA (3700 nt) and roX2 RNA (multiple forms of ~500 nt) are functionally redundant. 10, 13 Furthermore, roX1 exhibits internal redundancy, suggesting that the RNA may contain multiple domains with similar function. 24 One speculative idea is that multiple molecules of roX2 may substitute for the function of one larger roX1 molecule within the MSL complex. Analysis of this model awaits the ability to isolate MSL complex by selective affinity for individual roX RNA components rather than through immunoprecipitation of each MSL protein.
An alternative idea is that variable splicing at the roX2 locus functions in timing of assembly of MSL proteins on the RNA, rather than in actual RNA function. Previously, we proposed that nascent roX RNA attracts MSL protein components to assemble the complex locally, at each roX gene. 11 If initial assembly of MSL complex is important for proper localization, it is possible that roX2 transcripts may require alternative splicing events to coordinate normal assembly. Evidence for an alteration in initial assembly of MSL complex comes from analysis of spreading in cis from the various roX2 transgenes inserted on autosomes. We observed very little local spreading in cis (<2%) when wild type roX2 RNAs are highly expressed from the Hsp83 promoter ( Fig. 6C-E) . One interpretation is that when MSL proteins are limiting, most complexes finish assembly in the nucleoplasm after release of roX RNA from its site of synthesis, and therefore do not remain local near the transgene insertion site. However, M-and m-H83roX2 show, respectively, 88% and 100% extensive cis-spreading from their own sites even though they are expressed from the Hsp83 promoter (Figs. 6C-E) , suggesting that constructs which cannot direct alternative splicing might have a defect in escape of MSL complexes from their sites of assembly. In contrast, CT-and AC-H83roX2, which still undergo alternative splicing to produce several forms of roX2 RNA, showed, respectively, 35% and 6% weak cis-spreading, more analogous to wild type W-H83roX2 (Fig. 6C-E) . Taken together, these results suggest that alternative splicing promotes the normal dynamics of MSL protein assembly on roX2 RNAs. In summary, we found that the roX2 gene expresses a surprising constellation of alternatively spliced non-coding RNAs that are incorporated into dosage compensation complexes. These RNAs contain two common regions but differ in the inclusion of additional central sequences. The result of alternative splicing is that roX2 RNAs contain a variable region that could greatly extend their ability to interact with specific proteins, other RNAs, or DNAs. Further analysis of this repertoire of RNAs could be key in understanding the role of non-coding RNAs in targeting dosage compensation to the X chromosome in Drosophila.
